ATP release and synaptic modulation by exogenous ATP have been widely reported, the endogenous source of ATP responsible for synaptic modulation has not been clearly identified, nor is it clear how endogenous ATP release is regulated. ATP can modulate synaptic transmission. We found that activation of glutamatergic neurons causes ATP release receptors, an effect that depends on the presence of cocultured astrocytes. Glutamate release accompafrom astrocytes, which in turn induces both homo-and heterosynaptic suppression through presynaptic P2Y nying neuronal activity also activates non-NMDA receptors of nearby astrocytes and triggers ATP release receptors. Similar neuronal activity-dependent heterosynaptic suppression was also observed in CA1 pyramifrom these cells, which in turn causes homo-and heterosynaptic suppression. In CA1 pyramidal neurons dal neurons of hippocampal slices. In the latter case, synaptic suppression can be attributed mainly to adenoof hippocampal slices, a similar synaptic suppression was also produced by adenosine, an immediate degrasine, which is derived from glia-released ATP through degradation by ectonucleotidase. These results demondation product of ATP released by glial cells. Thus, neuron-glia crosstalk may participate in activity- ceptors and non-NMDA receptors, i.e., bicuculline and
In addition, RB-2 at high concentrations (Ն2 M) also reduced the amplitude of currents induced by exogenously applied glutamate or GABA, perhaps due to nonspecific effect on postsynaptic receptors ( Figure 1D ; see also Nakazawa et al., 1995) . This may account for the RB-2-induced suppression of IPSCs and cause an underestimate of RB-2-induced EPSC amplitude increase. At glutamatergic (but not GABAergic) synapses, RB-2 also accelerated the synaptic fatigue induced by a train of 10 depolarizing pulses (at 10 Hz, Figures 1E  and 1F) . Furthermore, an ectonucleotidase inhibitor dipyridamole (DPM, 10 M; Connolly and Duley, 2000) decreased the amplitudes of both EPSCs and IPSCs ( Figure 1C ) and the effect was blocked by RB-2, while it had no effect on exogenous glutamate-or GABAinduced currents (97.4% Ϯ 6.6%, n ϭ 8 and 95.5% Ϯ 7.2%, n ϭ 6, respectively). Similar suppression of EPSCs and IPSCs was also found for an ecto-ATPase inhibitor ARL 67156 (ARL, 100 M; Westfall et al., 1997). Thus, there is an endogenous ATP-induced tonic synaptic suppression, mediated through P2Y receptors. Furthermore, extracellular ATP was effective in suppressing basal glutamatergic transmission in these cultures and became effective also in modifying GABAergic synapses only when ATP degradation is inhibited, consistent with the expectation of an elevated extracellular ATP concentration and more extensive spread of ATP from the site of release.
Synaptic Suppression by Exogenous ATP
The role of ATP in synaptic suppression was further studied by examining the effects of exogenous ATP in 2C and 2D), suggesting that ATP-induced synaptic suppression is mainly mediated by P2Y receptors. Consis-6,7-dinitroquinoxaline-2,3(1H,4H)-dione (DNQX), respectent with the fact that P2Y is a G protein-coupled receptively.
tor, we found that ATP-induced suppression of EPSCs The effect of endogenously released ATP on excitwas largely prevented by a GTPase inhibitor GDP-␤-S atory postsynaptic currents (EPSCs) was examined by (1 mM) applied through the recording pipette or by preinmeasuring the effects of bath-applied purinergic recepcubation of the culture with pertussis toxin (PTX, 100 tor antagonists, including A1 receptor antagonist 8-cyclong/ml, 12 hr), a G i /G o inhibitor ( Figure 2B ). pentyl-1,3-dipropylxanthine (DPCPX), P2X antagonist pyridoxal-phosphate-6-azophenyl-2Ј,4Ј-disulphonic acid Synaptic Suppression by ATP Involves (PPADS), and P2Y antagonist reactive blue 2 (RB-2).
Presynaptic Modulation We found that RB-2 (2 M) increased the amplitude of Synaptic suppression induced by ATP may reflect either EPSCs but decreased that of inhibitory postsynaptic decreased presynaptic transmitter release or reduced currents (IPSCs), while DPCPX (20 nM) and PPADS (10 M) had no effect on either currents (Figures 1A-1C) .
postsynaptic receptor responses. We found that inward not shown). Furthermore, we found that ATP induced an increase in paired-pulse ratio, consistent with a reduction in presynaptic transmitter release probability (Zucker and Regehr, 2002). Finally, the effects of applied ATP and RB-2 ( Figures 1E and 1F ) on synaptic fatigue are also consistent with the presynaptic modulation of transmitter release. Modification of presynaptic Ca 2ϩ channels is a potential mechanism for ATP-induced suppression of transmitter release. Since it is difficult to record Ca 2ϩ currents from presynaptic nerve terminals of these neurons, we examined the effect of ATP on the somatic Ca 2ϩ current. Perfusion of ATP (10 M) decreased the Ca 2ϩ current and the effect was reversible (Figure 3D ), suggesting that ATP may indeed reduce transmitter release by inhibiting presynaptic Ca 2ϩ channels.
Glutamatergic Activity Induces Heterosynaptic Suppression in Culture
The findings that glutamatergic, but not GABAergic, transmission is potentiated by RB-2, while applied ATP suppressed both synapses (Figures 1-3 An example is shown in Figure 4A (1, glutamatergic; 2, 
Heterosynaptic Suppression Depends on Activation of P2Y and Non-NMDA Receptors
To determine whether the above heterosynaptic suppression was mediated by ATP, we examined the effect of several purinergic antagonists. Stimulation-induced heterosynaptic suppression was blocked by RB-2 and suramin but was unaffected by PPADS or DPCPX ( Figure  4D ), consistent with the finding on synaptic suppression induced by exogenously applied ATP ( Figure 2B ) and the involvement of P2Y receptors.
We have shown that RB-2 treatment increased the amplitude of EPSCs but not IPSCs ( Figures 1A-1C) and that RB-2-sensitive heterosynaptic suppression occurred only when glutamatergic but not GABAergic neuron was stimulated ( Figures 4B and 4C) . Thus, either ATP is coreleased with glutamate or ATP is released by activation of glutamate receptors. We addressed this issue further by examining heterosynaptic suppression of IPSCs in the presence or absence of glutamate receptor antagonists, using GABAergic/glutamatergic cell pairs. We found that DNQX, but not NMDA receptor antagonist APV, blocked the heterosynaptic suppression of IPSCs ( Figure 4D) . Furthermore, the effect of DNQX and RB-2 on heterosynaptic inhibition were not additive, suggesting that P2Y and non-NMDA receptor are activated sequentially rather than in parallel.
Astrocytes Participate in Synaptic Suppression in Hippocampal Cultures
The findings that RB-2-sensitive heterosynaptic sup- found that perfusion of FAC (1 mM) abolished heterosynaptic suppression induced by neuronal stimulation. Application of FAC in the absence of neuronal stimulashown). However, unlike that in mixed cultures, RB-2 alone failed to elevate the EPSC amplitude in GCM cultion had no effect on synaptic efficacy (data not shown). Astrocytes are extensively coupled via gap junctions, tures, nor did high-frequency stimulation induce any heterosynaptic suppression ( Figure 5B ). This is consiswhich are important for propagation of interastrocyte signals (Giaume and Venance, 1998). We found that a tent with the absence of a tonic presence of ATP and the expectation that repetitive neuronal activity cannot gap junction inhibitor octanol (Nedergaard, 1994 preparation. Interestingly, in the presence of ectonucleotidase inhibitor DPM (10 M), RB-2 significantly increased the EPSP amplitude ( Figures 6C and 6D) , indiby RB-2, although ARL or DPM by itself had no effect cating that endogenous extracellular ATP in the hippoon the heterosynaptic suppression ( Figure 7D ). These campal slice is normally degraded rapidly and at least results suggest that adenosine, which mediated heteropart of extracellular adenosine comes from ATP degrasynaptic inhibition under the normal condition (in the dation by ectonucleotidase. The results that FAC (1 mM) absence of ARL or DPM), is derived from the degradation can block RB-2-induced EPSP increase in the presence of ATP, which was released by high-frequency stimulaof DPM (Figures 6C and 6D) suggest that extracellular tion. We noted that heterosynaptic suppression could ATP in hippocampal slices may indeed be derived from still be induced in the presence of glia-specific toxin glial cells. 
Astrocyte Responses to Neuronal Stimulation in Hippocampal Slices

7B, and 7D). This heterosynaptic suppression was blocked by CPT but not by RB-2, suggesting that adenosine
The result that ATP/adenosine-mediated heterosynaptic suppression induced by Schaffer collateral stimulation rather than ATP is involved. However, in the presence of DPM (10 M) or ARL (100 M), the stimulation-induced is sensitive to DNQX and glia-specific toxin FAC suggests that astrocytes may be activated by glutamate heterosynaptic suppression was completely abolished (Figure 4D ), both of which had no effect on the suppressive action homo-and heterosynaptic suppression. The finding that glutamatergic, but not GABAergic, of exogenously applied ATP on EPSCs or IPSCs (data not shown). Third, in astrocyte-free GCM cultures, RB-2 synaptic activity is tonically suppressed by endogenous ATP in cultured neurons ( Figures 1A-1C) suggests that did not increase basal glutamatergic transmission and there was no heterosynaptic suppression, although diglutamate release associated with spontaneous synaptic activity is capable of inducing homosynaptic suprect perfusion of ATP still suppressed the synaptic transmission ( Figure 5B) . Finally, treatment with glutamate, pression of glutamatergic synapses, but had no heterosynaptic effect, possibly due to a more limited ATP but not GABA, in pure astrocyte cultures induced marked ATP release that can be blocked by DNQX, FAC, release from nearby astrocytes. This is consistent with the observation that GABAergic transmission became or Carb, but not by RB-2 or TeNT, while the same treatment of glutamate in pure neuron cultures induced only suppressed when degradation of ATP is inhibited by ARL or DPM ( Figures 1B and 1C) , since more extensive a slight ATP release that is sensitive to TeNT but not to DNQX ( Figure 5C We found that both glutamatergic and GABAergic syn-laterals was potentiated by CPT but not by RB-2, indicating that endogenous adenosine rather than ATP is responsible for the tonic synaptic suppression in the slices. However, in the presence of DPM, RB-2 significantly increased EPSPs (Figure 6 ). Similarly, heterosynaptic suppression induced in hippocampal slices was sensitive to CPT and insensitive to RB-2, but became sensitive to RB-2 in the presence of DPM or ARL ( Figure  7D ). In addition, we found that DNQX, rather than APV, blocked heterosynaptic suppression ( Figures 7C and  7D ) and that FAC blocked both the synaptic potentiation induced by RB-2 in the presence of DPM (Figures 6C and  6D ) and the CPT-sensitive heterosynaptic suppression ( Figure 7D ). Taken together, these results suggest that at least part of the endogenous adenosine that mediates synaptic suppression in the hippocampal slice is derived transmission through glutamate release (for review, see
To prepare pure neuron cultures supplemented with glia-condi-
